INTRODUCTION
The Tehran metropolis is located in an extensive area between the Alborz mountain belt to the north and the central Iranian plateau to the south. Tehran, as the political and economic capital of Iran, is considered one of the most populated cities in the world. From the point of view of vulnerability to natural disasters, Tehran is of great concern because of its basic infrastructures and population concentration.
The Alborz mountain belt is a part of the HimalayanAlps orogenic belt with numerous active faults, including the Mosha reverse fault, the North Tehran thrust fault, the Parchin, the Kahrizak, and the South and North Rey faults, with high seismic potential in the study region (Fig. 1) . The Mosha fault is one of the fundamental structures of the central Alborz mountains and is situated north of Tehran. This fault is concave to the north and extends from the edge of the mountain range in the west to the eastern Alborz mountains and can be considered an upthrust in some places and an overthrust in others (Moinfar et al., 1994; Berberian and Yeats, 1999) . The NorthTehran fault is the most prominent tectonic structure in the immediate vicinity of Tehran for which the trace is eastwest to east-northeast-west-southwest and slightly concave to the south (Berberian and Yeats, 1999) . The Tehran urban district is extended across thick alluvium layers over bedrock with complex geological structure. Based on historic seismic documents, Tehran is surrounded by several specific faults with return periods of about 150 years, but no damaging earthquake has occurred since 1830 (Moinfar et al., 1994; Berberian and Yeats, 1999) , when an estimated 45,000 people were killed (Moinfar et al., 1994) . Consequently, a strong earthquake is expected to occur in the Tehran region. The most important historical (e.g., Ambraseys and Melville, 1982) and instrumental (Iranian Seismological Center, IRSC) earthquakes that have occurred in the study area are highlighted in Figure 1 and listed in Table 1 .
The main method for earthquake damage mitigation is based on seismic-resistant buildings. However, an optimized earthquake Early Warning System (EWS) can significantly reduce the earthquake-induced damage and casualties. Earthquake EWS is a proper tool for loss and casualties mitigation produced by earthquakes and has potential to provide warnings on the order of few seconds to tens of seconds before the arrival of destructive S or surface waves. In recent years, many efforts have been made to establish earthquake EWS worldwide, for example, in Japan, Taiwan, Mexico, and California (Allen et al., 2009) . Regardless of a few differences, earthquake EWSs can be classified into two main groups: (1) a regional method in which classic seismological algorithms are used to determine the earthquake parameters (magnitude and hypocenter of an earthquake) and provide warnings for distant areas; (2) an onsite method in which the strong ground motion part of the waveform that is generally governed by S and surface waves is estimated based on the initial part of the P phase at each seismic station based on given empirical relationships. Thus, there is no need to determine earthquake magnitude and hypocenter in an onsite application. However, in some onsite earthquake EWSs the magnitude and hypocenter of earthquakes are estimated to evaluate the strong ground motions in other regions around the earthquake epicenter (Nakamura, 1988; Odaka et al., 2003) . Comparing these two methods, it can be concluded that although the regional method is more accurate, it needs more time than the onsite method to determine the earthquake source parameters. An operational earthquake EWS in Mexico City utilizes peak ground motion (PGM), measured near the Guerrero Gap subduction zone, to estimate magnitude and conveys the necessary information to the population in Mexico City, 300 km away, providing 60 s or more warning of the impending ground motion (Anderson et al., 1995; Espinosa-Aranda et al., 1995) . In another similar method, the Central Weather Bureau of Taiwan requires about 22 s after the P-phase detection for estimation of source parameters including magnitude and PGM of an earthquake and issuing a warning to the populated area at distances larger than 75 km from the epicenter (Wu et al., 1988; Wu and Teng, 2002) .
Onsite earthquake EWS is an effective method for regions where populated urban centers are located in the vicinity of seismic sources, thus the speed of warning is compensated by the warning accuracy. Different empirical relationships have been proposed for onsite earthquake EWSs around the world between the initial amplitude of the P phase and the maximum amplitude of strong ground motions. Wu and Kanamori (2005) proposed a proper linear relationship between the vertical displacement amplitude parameter (P d ) from the initial 3 s of the P phase and peak ground velocity (PGV) for data from Taiwan. Wu et al. (2007) improved this relationship using data from Taiwan and California, and finally, Wu and Kanamori (2008a,b) extended this relationship for Japan and showed that a similar trend existed between P d and PGV for Taiwan, California, and Japan data. Lockman and Allen (2005) assessed the potential to accurately determine earthquake parameters using a single seismic station following an approach similar to that used by Nakamura (1988) . The attenuation relationship between the initial amplitude of the P phase and the hypocentral distance as a function of earthquake magnitude is also of great importance in any onsite earthquake EWS applications. In general, in an onsite earthquake EWS application, a single station can provide warning in regions without a seismic network, and maximize warning time at sites close to the epicenter (Lockman and Allen, 2005) . In the onsite application, and τ c that have been successfully presented by, for example, Allen and Kanamori (2003) and Kanamori (2005) , respectively.
In this paper, we present empirical attenuation equations for estimation of strong ground motions (PGV), hypocentral distance and an optimum method for approximation of back azimuth for the Tehran region, assuming that magnitude is already known using an independent period parameter method (τ max p ) as presented by Heidari et al. (2013) . During 2009-2010, the Tehran disaster mitigation and management organization (TDMMO 1 ), affiliated with the Tehran municipality, installed and operated an online broadband accelerometer network with 10 three-component stations equipped with Guralp CMG-5T sensors, in cooperation with Japan International Cooperation Agency (JICA 2 ; Fig. 1 ). TDMMO accelerometer stations will be used to establish an operational earthquake EWS in the Tehran region (see Ⓔ Table S1 , available in the electronic supplement to this paper). We focus on the onsite earthquake EWS application to assess earthquake source parameters including PGM and location using the first few seconds of the P phase. One hundred and ninety-four records of earthquakes in the Tehran region were used to estimate earthquake source parameters including PGV, hypocentral distance, and back azimuth using three-component seismic stations. The estimated error for logPGV is on the order of 0:228 cm=s based on initial amplitudes of P d . In order to estimate PGV, the dataset was integrated with those from other regions such as Taiwan, Southern California, and Japan to compensate the lack of strong ground motion data in the Tehran region. The hypocentral distance and back azimuth are also estimated with errors 19 km and 17°, respectively. Earthquake source parameters used in this paper are estimated using the seismic stations installed mainly on bedrock. However, the earthquake EWS for Tehran is planned to be implemented for 10 accelerometer stations of the TDMMO network that are installed on alluvial layers. Therefore, the amplification factor for each accelerometer station was calculated and appropriate corrections were applied to remove the site effects from the data. Our results indicated that including the amplification coefficient at each station improved the accuracy of the estimated source parameters.
In spite of an incomplete earthquake data catalog and suboptimal seismic network geometry in the study area, the accuracy of the estimated earthquake source parameters indicates the feasibility of a pilot onsite earthquake EWS application in the Tehran region.
DATASET AND ANALYSIS
In this paper, 194 earthquakes with magnitudes between M L 2.5 and 4.6 and hypocentral distance less than 80 km recorded by vertical and horizontal components of velocity proportional sensors during 2006 to 2010 were used to estimate empirical attenuation relationships for the study area. Note that for back azimuth estimation three-component data were implemented. The dataset was taken from different seismic networks operated by the Institute of Geophysics of the University of Tehran (IGUT), International Institute of Earthquake Engineering and Seismology (IIEES), and Tehran Center Seismologic Network (TCSN). The seismometers are generally installed on bedrock and consequently site effects have a negligible effect on the data recorded at these stations (Fig. 1) . Displacement records are then recursively filtered with a two-way Butterworth high-pass filter with a cutoff frequency of 0.075 Hz for removing the low-frequency drift caused by the integration process. The list of network stations, the number of the ground-motion records, and the corresponding specifications are presented in Ⓔ Table S2 (see supplement) . Heidari et al. (2013) introduced magnitude-scaling relationships for a pilot earthquake EWS in the Tehran region, based on period parameters τ max p and τ c approaches using vertical and horizontal components of the P phase. Their results indicated that the estimated local magnitude based on the vertical components produces more accurate results with smaller standard deviations for the τ max p approach. In that paper, the following scaling relationship was suggested for a pilot earthquake EWS in the Tehran region in order to provide a quick estimate of the earthquake magnitude with a standard deviation less than about 1:0 unit of magnitude (Heidari et al., 2013) : is determined 1-2 s after the P-phase arrival time due to small-ground-motion records in the Tehran region (M L ≤ 4:6). In this regard, we assume that a 3 s time window is large enough to calculate the initial amplitude of the P phase and identify acceptable results.
PGM EMPIRICAL RELATIONSHIP
Logarithmic-logarithmic relationships were calculated between the initial amplitude of the first 3 s of the P phase, comprising the vertical acceleration (P a ), velocity (P v ), and displacement (P d ) amplitude of the first 3 s of the P phase, respectively, and the maximum PGV ground motion of the horizontal components. The larger ground motion of the two horizontal components is selected to define PGV. As shown in Figure 2 , the obtained relationship was compared with those estimated for Taiwan (Wu and Kanamori, 2005) , southern California (Wu et al., 2007) , and Japan (Wu et al., 2007; Wu and Kanamori, 2008a) . Although the available data in the Tehran region only includes records of small ground motions (e.g., M L < 4:6), the trends between various datasets shown in Figure 2 are similar to those observed in other regions around the world. Therefore, we combined our dataset with those obtained from other regions around the world (e.g., Taiwan, southern California, and Japan) in order to extend our limited dataset in the Tehran region to include large strong motions similar to what was proposed by Wu and Kanamori (2005) , Wu et al. (2007) , and Wu and Kanamori (2008a and b) .
According to our results, the lowest standard deviation was obtained for the P d -PGV relationship with a value of 0:266 cm=s for logPGV. Note that the relationships determined for P a -PGV (standard deviation of 0:330 cm=s ) and P v -PGV (standard deviation of 0:268 cm=s ) show the same trend as those obtained for other regions in the world (Fig. 2) .
Thus, in order to estimate PGV, the following linear equation is proposed as an optimal relationship for the Tehran region by compiling all available data: logPGV 0:937 logP d 1:638 δ 0:266; (2) in which PGV and P d are horizontal PGV in cm=s, and vertical displacement amplitude of the first 3 s of the P phase in cm, respectively.
Soil Amplifications for TDMMO Network Stations Equation (2) was obtained using data from the TCSN, IIEES, and IGUT seismic networks, in which the site effect is negligible because they are located on bedrock. However, the pilot earthquake EWS of the Tehran region is planned to be implemented using 10 online accelerometer stations of the TDMMO network that were installed on the alluvial layers in and around Tehran city. Therefore, the site effect needs to be investigated for the TDMMO acceleration network. The microtremor data were collected in a period of forty days by the TDMMO accelerometers (Guralp CMG-5Tsensors). The data were band-pass filtered between 0.1 to 15.0 Hz. Then, each record at a given site was divided into smaller time windows with 30 s length. The Fourier spectra of north-south, east-west, and vertical components of each subset were then estimated separately using 40% overlap. The horizontal component of the spectra was computed by taking the square root of the sum of squares of north-south and east-west spectra. Then, the spectra were smoothed and the horizontal-to-vertical spectral ratios were calculated. Finally, we took the average of all such ratios at given frequencies to obtain the smoothed spectral ratio at a given site. Figure 3 shows some examples of calculated spectral ratio for D16 and D18 sites (the location of these sites are marked in Fig. 1 ). Two clear amplification peaks at 1.3 and 3.5 Hz for D16, and 1.3 and 2.5 Hz for D18, can be observed in Figure 3 . The comparison of working day with holiday spectral ratios revealed that the first peak was produced by heavy industrial noise in Tehran. Thus, we used the recorded microtremors on holidays for site-effect estimation at the TDMMO stations, when the heavy industries were not active. To provide more accuracy to the estimated site effects at the stations, the results were also compared with those conducted by Ghayamghamian (2010) , who used the same method together with a reference site method (spectral ratio of sedimentary sites to those of rock sites) and numerical analysis using geotechnical and borehole information at the stations. The outcome of comparison confirms the results and their accuracy. The estimated amplification at each station is listed in Ⓔ Table S1 (see  supplement) and is shown in Figure 3 for the two sample sites (D16 and D18).
Verification of Introduced PGV-P d Relationship
In order to evaluate the reliability of the P d -PGV relationship given in equation (2) Figure 2 . Relationships of PGV with (a) peak acceleration, P a ; (b) peak velocity, P v , and (c) peak displacement P d of initial 3 s of P-phase measurements for the following locations: open black circles, Tehran region, gray circles, Taiwan (Wu and Kanamori, 2005) ; black triangles, southern California (Wu et al., 2007) ; and inverted gray triangles, Japan (Wu and Kanamori, 2008a) . Gray solid line, least square fit for Tehran; and black solid line, the best fit for Taiwan, southern California, and Japan data.
accelerometer network (Fig. 1) . These two earthquakes are the only available data recorded by the TDMMO acceleration network since its operation in 2009. It should be noted that the pilot earthquake EWS in the Tehran region should be implemented with real-time acceleration records from the TDMMO network. Then, these data provide a unique opportunity to check the validity of the proposed P d -PGV relationship given in equation (2). The observed P d and PGV values of the two earthquakes are shown in Figure 4 by bold stars and the difference between the estimated logarithm of PGV by equation (2) and observed values is computed. The average difference value is found to be 0:413 cm=s, which is larger than the standard deviation (0:266 cm=s) of equation (2). Next, we removed the site effects from the recorded motions using an estimated amplification factor (see Ⓔ Table S1 ; see supplement). The corrected observed PGV values are shown by open stars in Figure 4 . The corresponding values of PGV for the site effects enhanced agreement between the observed logPGV and estimated values were achieved (Fig. 4) with average differences on the order of 0:228 cm=s. Then, the new term was added to equation (2) to add the site-effects factor from estimated PGV as (extended relationship for each station with specified amplification factor): logPGV 0:937 logP d 1:638 logAm; (3) in which Am is the amplification factor of the site beneath each station and is listed in Ⓔ Table S1 (see supplement). This means that by using equation (3) the agreement between estimated and observed PGV values improves significantly. Therefore, equation (3) is proposed as a final relationship between P d and PGV for the Tehran region.
ATTENUATION EQUATION BETWEEN MAGNITUDE, P d , AND R
We attempt to find hypocentral distance and attenuation equations between P d , P v , and P a with hypocentral distance (R, in km) as a function of earthquake magnitude for the available data in the Tehran region as calculated below: 
According to the above equations, the relationship between P d , R, and M L in equation (6) shows lower standard deviation and thus can be used for a rapid estimation of earthquake hypocentral distance. Using equation (6) 
The obtained empirical attenuation hypocentral distancescaling relationship is calculated from velocity records as input seismograms. To investigate the reliability of the results, again we used data from both the 17 October 2009 M L 3.9 ShahrRey and the 20 February 2011 M L 4.1 Sharif-Abad earthquakes recorded by the TDMMO accelerometer network. The average estimated error for the TDMMO network stations is found to be in order of 19 km using equation (7). Note that equation (1) can be used for rapid magnitude estimation on a pilot earthquake EWS in the Tehran region.
BACK-AZIMUTH ESTIMATION
Back azimuth is another important parameter for estimation of earthquake hypocenter. This angle can be estimated for a given earthquake using the polarity of the first motions of the P phase recorded on a three-component single station. We utilized two approaches introduced by Lockman and Allen (2005) and Roberts et al. (1989) in order to estimate back azimuth using three-component data. The robustness and reliability of these two approaches for an onsite earthquake EWS application for the Tehran region were studied. The cumulative distribution functions of back azimuth errors are shown in Figure 5 for both approaches. According to the results shown in Figure 5 , the method introduced by Lockman and Allen (2005) produced more accurate results (e.g., back azimuth estimation with less than 30°error for 30% of the dataset) than the method developed by Roberts et al. (1989) for the dataset used here.
In this paper, the corresponding back azimuth errors were given based on the number of the ground motion records that come from the velocity record (the IGUT, TCSN, and IIEES networks), whereas the final earthquake EWS is planned to be implemented for the acceleration data from the TDMMO network. Therefore, we prefer to present the final back azimuth errors resulted from the TDMMO network as the final error for the back azimuth estimation. We used data from both the 17 October 2009 M L 3.9 Shahr-Rey and the 20 February 2011 M L 4.1 Sharif-Abad earthquakes recorded by the TDMMO accelerometer stations to check the reliability of the results. According to the results, the averaged estimated back azimuth error for the TDMMO network is found to be in order of 17°using the Lockman and Allen (2005) approach.
DISCUSSION AND CONCLUSIONS
In this paper, the first step toward establishing an onsite earthquake EWS in the Tehran region was presented. The system utilized the vertical displacement amplitude parameter (P d ) from the first 3 s of the components of a P phase in order to estimation of horizontal PGV, hypocentral distance and back azimuth at each station. The employed dataset contains small ground motions including 194 events with M L magnitudes from 2.5 to 4.6 located within approximately 80 km from the hypocenter. Various regression relationships among the magnitude, horizontal PGV, hypocentral distance and vertical amplitude contents of P phase (P d , P v , and P a ) were evaluated using data from different seismic networks operating in the study area (the IGUT, TCSN, and IIEES seismic networks). The presented empirical relationships can be used for the rapid estimation of earthquake source parameters including PGV, hypocentral distance, and back azimuth with reasonable errors. Our earthquake dataset for the study area is quite limited in size, however, the obtained results between PGV and P d showed similar trends with those observed in Taiwan, Southern California, and Japan with a range of ground motions. Therefore, combining our dataset with those estimated from the other parts of the world provides more accurate and robust results for PGV estimations. The best empirical relationship is presented between P d -PGV with an error in order of 0:266 cm=s for logPGV. The dataset used in this paper is complete only for the velocity records as the inputs. However, the earthquake EWS in Tehran should be implemented for the TDMMO accelerometer stations. Thus, various tests were performed to verify the reliability and the robustness of the proposed scaling relationships for employing them to the data from accelerometers by using data from the recent earthquakes of 17 October 2009 Shahr-Rey (M L 3.9) and 20 February 2011 Sharif-Abad (M L 4.1) earthquakes. Based on Shahr-Rey and Sharif-Abad acceleration records logPGV is presented with an error in order of 0:228 cm=s and the hypocentral distance and back azimuth are estimated with the errors in order of 27 km and 17°, respectively. We also showed that the accuracy of estimating PGV for EWS depends on the individual station characterization including site effects. Estimated source parameters of a destructive earthquake based on all effective parameters including site effect will improve the accuracy of the results. Finally, the results from the sensitivity analysis also indicated that the estimated PGM and hypocentral distance were not sensitive to the different types of sensors used ▴ Figure 5 . Cumulative distribution functions of back azimuth errors (in degrees) for the records utilized in the dataset using methods from Lockman and Allen (2005) and Roberts et al. (1989) .
(seismometer or accelerometer) and produced acceptable estimates of source parameters in terms of accuracy and standard deviation.
